We investigated the enzymatic mechanisms responsible for AA oxygenation in homogenous cell suspensions obtained by trypsinization of epidermis from healthy subjects. Cell incubation with AA (0.3-150 AM) invariably resulted in the predominant generation of a compound identified as 12-hydroxyeicosatetraenoic acid (12-HETE) by HPLC and by both negative-ion chemical ionization and electron-impact mass spectrometry. Maximal amounts of 12-HETE were 126±21 pmol/106 cells (±SE), and concentration-response curves yielded half-maximal levels for 12-HETE similar to PGE2 at 2 MM AA. Two epoxyeicosatrienoic acids derived from AA were also identified. Stereochemical analysis by chiral-phase chromatography demonstrated that the epidermal cell 12-HETE was a mixture of the 12S-and 12R-hydroxy isomers in a molar ratio varying from 2:1 to 8:1 among subjects. Subcellular fractionation into 12,000 g pellet (containing mitochondria) and 100,000 g supernatant (cytosol) and pellet (microsome) demonstrated that > 99% of the 12-HETE was generated by enzymatic activity distributed equally in the two pellets. Both mitochondrial and microsomal activities were increased upon addition of NADPH and were inhibited by carbon monoxide, but the molar ratio of 12S/12R-HETE was threefold greater in microsomal than in mitochondrial fractions. The results demonstrate that human epidermis contains active membrane-bound monooxygenase(s) which preferentially generates 12-HETE from AA, exhibits a 12S stereopreference of hydroxylation, and suggests the presence of distinct mitochondrial and microsomal enzyme systems in epidermal cells.
Introduction
The potential involvement of oxygenation products of AA in the development of inflammatory skin diseases, particularly psoriasis, has been the subject of a variety of recent studies. Approaches to understanding the pathophysiological basis of altered arachidonate metabolism have included determining the effects of intradermal or topical administration of arachidonate metabolites and assaying the levels of such compounds in biological specimens, including biopsies from the epidermis of patients with psoriasis. Results of such studies indicate that:
(12-HETE),' PG, and leukotrienes are increased in psoriatic lesional epidermis (1) (2) (3) (4) ; (b) whole human epidermis from healthy or diseased skin has the enzymatic capacity to convert AA to some of these same compounds (1) (2) (3) (4) (5) (6) ; and (c) topical or intradermal administration of 12-HETE or leukotrienes may cause epidermal inflammation and proliferation (7, 8) .
The precise enzymatic mechanisms responsible for the generation of the major arachidonate product 12-HETE by epidermis and the localization of the enzyme(s) to the epidermal cells have not been established. Dermal elements such as fibroblasts, as well as inflammatory cells, are often included in dermatome preparations of human skin, and the enzymatic pathways leading to HETE formation in the skin have only been assumed to represent the activity of an arachidonate lipoxygenase. The recent observation that the 12-HETE in psoriatic lesions is not the expected lipoxygenase-derived 12S-hydroxy enantiomer but instead may consist predominantly of the 12R-isomer (9) suggests that an enzyme other than the 12-lipoxygenase may be activated in inflamed epidermis. For example, cytochrome P-450 monooxygenases have been reported to produce predominantly 12R-rather than 12S-HETE from arachidonate in hepatic tissue (10) .
The present experiments were designed to define the arachidonate oxygenation pathways contained in isolated human epidermal cell suspensions purified from healthy skin. To our knowledge this is the first comprehensive report of arachidonate products from intact, freshly isolated human epidermal cells. The predominant pathway for arachidonate oxygenation was found to be a novel enzyme system that selectively converts AA to 12-HETE and exhibits the properties of a membrane-bound cytochrome P-450 monooxygenase. This enzymatic activity demonstrates features distinct from those of hepatic and renal microsomal P-450 systems in animals and humans (10) (11) (12) 12 ,000 g for 20 min and then 100,000 g for 1 h. In some experiments pellets obtained at 12,000 and 100,000 g were resuspended with a tissue homogenizer and recentrifuged. Electron microscopy demonstrated that mitochondria were confined to the 12,000 g pellet and that the 100,000 g pellet contained only microsomal membrane. Protein in each fraction was determined by the Bradford method using BSA as a standard (Bio-Rad Laboratories, Richmond, CA).
Oxygenase assay conditions. The pellets obtained by centrifugation at 12,000 and at 100,000 g were resuspended in 50 mM Tris-HCI (pH 7.4) with 1 mM EDTA, 1 mM EGTA, and 5% glycerol for assay of oxygenation activity, and the supernatants from 100,000 g were assayed directly. Incubations were carried out at 37°C for 30 min after addition of 20-40 MM ['4C]AA. Oxygenation activity was compared with activity generated after the addition of a system to produce reducing equivalents (10 mM MgCl2, 0.4 mM G-6-P, 1 U/ml G-6-PD, and 1 mM NADPH), and with activity after addition of a system to compete with reducing equivalents (1 mM NADP and 1 mM NAD).
All fractions were also tested with or without the addition of 5 (13, 14) . Procedures were identical to those for isolation of the epidermal cell enzyme noted above and for product characterization as noted below.
Extraction of oxygenation products. Incubations were stopped by rapid cooling to 4VC, and an aliquot of PGB2 was added to serve as an internal standard for product recovery. In some experiments trimethylphosphite was added to reduce possible hydroperoxides to alcohols. Cell supernatants or enzyme mixtures were extracted with 2-propanol/chloroform/acetic acid or with diethylether/acetic acid as described previously (15, 16) . Recoveries of PGB2 and other PG and mono-and dihydroxylated derivatives of AA were similar (75±3%, mean±SE).
HPLC. Extracts were reconstituted in chromatographic solvent and analyzed by reverse-phase, straight-phase, and chiral-phase HPLC on a liquid chromatograph (model 1090M; Hewlett-Packard Co., Palo Alto, CA). For reverse-phase HPLC the chromatograph was fitted with a guard cartridge and a 4.6 X 100-mm analytical column packed with 3 Mm octadecylsilane-coated particles (Dynamax; Rainin Instrument Co. Inc., Woburn, MA). A flow rate of 1.0 ml/min was used with two solvents (A and B) set at 35% B for 0-9 min, 55% B for 10-35 min, and 85% B for 36-43 min where A was water/acetic acid (100:0.01 vol/vol) and B was acetonitrile/acetic acid (100:0.01 vol/vol).
Selected compounds in the reverse-phase HPLC eluate were analyzed by straight-phase HPLC after extraction from the chromatographic solvent and conversion to methyl esters with ethereal diazomethane and methanol. Straight-phase HPLC was carried out using a guard cartridge and a 4.6 X 100-mm column packed with 3 Am silanol-coated particles (Dynamax; Rainin Instrument Co., Inc.) at a flow rate of 2 ml/min. Two solvents (A and B) were used in a program of 5% B for 0-17 min, 10% B for 18-25 min, 45% B for 26-41 min, and 80% B for 42-56 min where A was hexane and B was hexane/2-propanol (100:8 vol/vol).
Compounds purified by straight-phase HPLC eluate were in turn analyzed by chiral-phase HPLC to determine absolute stereochemistry. Chiral-phase HPLC was performed with a pair of 4.6 X 250-mm columns in series which were packed with 5 MM aminopropyl silica particles ionically bonded to dinitrobenzoylphenylglycine (J. T. Baker Chemical Co., Philipsburg, NJ) at a flow rate of 0.8 ml/min. Two solvents (A and B) were used in an isocratic program of 8% B where A was hexane and B was hexane/2-propanol (100:4 vol/vol).
Product detection. The HPLC eluate was monitored using a diode array spectrophotometer (model 1040; Hewlett-Packard Co.) set at 270 nm for conjugated triene diols (leukotrienes and diHETEs), 235 nm for conjugated dienes (HETEs and HODEs), and 193 nm for unconjugated double bonds (EETs and PGs). The outflow from the spectrophotometer was routed to a Flo-One-beta detector (Radiomatic Instruments & Chemical Co., Inc., Tampa, FL) for concurrent measurement of 3H or 14C. Standard molar absorption coefficients were used for quantification and verified by measurements based on specific activity as described previously (16) .
Preparation of heavy isotope-labeled standards. dpm/ml) for 15 min at 37°C. Products were extracted from cell supernatants into chloroform and resolved using the acetonitrile/water/ acetic acid system described in Methods. Major peaks of radioactivity coeluted with 12-HETE, AA, 13-HODE, and linoleic acid (LA). Smaller peaks of activity corresponded to PGE2, 1 (Fig. 1  A) . Parallel experiments demonstrated that the cells converted linoleic acid predominantly to a compound with chromatographic properties and the ultraviolet (UV) absorption spectra of 1 3-HODE (Fig. 1 B) . Analysis of the peak corresponding to 12-HETE by repetitive UV scanning during reverse-phase HPLC and during straight-phase HPLC of the corresponding methyl ester indicated that the peak represented a single compound containing a conjugated diene structure. Confirmation of structure for the compound in the peak was provided by capillary-column GC and both positive-ion electron impact and negative-ion chemical ionization MS. In both ionization modes the epidermal cell-derived product yielded informative ions representing fragmentation patterns also observed with synthetic octadeuterated standards of 12-HETE (Figs. 2 and 3 ) and with '802-labeled 12-HETE (not shown; 21, 22 Figure 2 . Analysis of 12-HETE released from epidermal cells by capillary column GC and positive-ion electron impact MS. Cells were incubated as described in Fig. 1 Figure 3 . Analysis of 12-HETE derived from epidermal cells by capillary column GC and negative-ion chemical ionization MS. Extracts of cell supernatants prepared as in Fig. 1 were subjected to reverse-phase HPLC and the eluate corresponding to 12-HETE was collected, converted to the PFBE, reanalyzed by reverse-phase HPLC, extracted from the reverse-phase HPLC solvent, and converted to the TMSE derivative. This material was then analyzed by capillary column GC and methane chemical ionization MS as described in Methods with monitoring of ions m/z 391 for authentic 12-HETE and m/z 399 for the 2H8-labeled internal standard.
Other arachidonate metabolites recovered from cell incubations included 15-HETE identified by El MS (not shown; 23) as well as lower levels of other compounds that were characterized by reverse-phase HPLC and UV absorption spectra (Table I) . Two of these compounds exhibited the chromatographic and spectral characteristics of 8,9-EET and of 5,6-EET. Production of these two compounds by epidermal cells suggested that these cells contained a monooxygenase that acted on AA (12, 24) .
Several characteristics of 12-HETE formation from intact epidermal cells were determined and compared with the generation ofthe predominant cyclooxygenase product PGE2. Time concentration-response curves showed that levels of both products were maximal at 10 AM and half-maximal at 2 M substrate at 15 min at 370C (Fig. 4) . In addition, epidermal cells exhibited substrate inhibition of 12-HETE formation at concentrations of AA > 40 AM.
The stereochemistry of the epidermal cell 12-HETE was determined to gain further insight into its mechanism of formation. Absolute stereochemistry was assigned by coelution of epidermal cell-derived 12-HETE (that had been purified by sequential reverse-and then straight-phase HPLC) with authentic, stereochemically pure 12-HETE enantiomeric standards during chiral-phase HPLC. The 12-HETE generated by epidermal cells was found to consist predominantly but not exclusively ofthe 12S isomer. Direct analysis of epidermal cell products by chiral-phase HPLC without previous HPLC purification yielded identical results (Fig. 5) . Preparations from different subjects varied in the degree ofstereospecific predom- and products were converted to corresponding methyl esters and analyzed by HPLC using the hexane/2-propanol solvent system described in Methods.
12R-HETE, we further suspected that the product might be derived at least in part via the activity of a monooxygenase (10, 25) . Subcellular fractionation. Initial experiments (not shown) confirmed that the arachidonate 12-lipoxygenase from bovine epithelial cells generated exclusively 12S-HETE and was confined to the 100,000 g supernatant (> 90% of total activity), consistent with its characterization as a soluble cytoplasmic Figure 6 . Chiral-phase HPLC analysis of the arachidonate products of 12,000 g pellet (A), 100,000 g supernatant (B), and 100,000 g pellet (C) fractions from sonicated epidermal cells. Aliquots of 1-2 X 0l cells/ml were sonicated, subjected to differential centrifugation, and the resulting fractions incubated in 50 mM Tris-HCI with 1 mM EDTA, 1 mM EGTA, 5% glycerol, 20 gM ['4C]AA, I mM NADPH, and a G-6-P/G-6-PD regenerating system for 30 min at 37°C (total incubation vol of 2 ml). Products were extracted into diethylether and analyzed as described in Fig. 5 . * Assays carried out as described in Fig. 6 . Values are derived from HPLC measurement of 12-HETE and represent mean for four experiments in duplicate.
enzyme (13, 14) . By contrast, analysis of epidermal cell subcellular fractions demonstrated that all ofthe enzymatic capacity to generate 12-HETE was contained in the mitochondria-(12,000 g pellet) and microsome-enriched (100,000 g pellet) fractions (Fig. 6) . Comparison between intact cell-, mitochondrial-, and microsome-derived 12-HETE subjected to analysis by chiral-phase HPLC showed that the molar ratio of 12S/R-HETE was increased up to 16:1 in the microsomal fraction (Table II) .
Effects ofpyridine nucleotides and carbon monoxide. Further characterization of the epidermal cell mitochondrial and microsomal oxygenation activity was carried out to determine the influence of exogenous NADPH and NADP/NAD competition. In both subcellular fractions activity was stimulated twofold by addition of an NADPH-generating system (Table  III) , while exogenous NADP/NAD did not significantly alter total 1 2-HETE formation.
Incubation of the epidermal cell 12,000 and 100,000 g fractions with carbon monoxide-containing buffer (molar ratio of carbon monoxide to oxygen, 7:1) resulted in means of 76-78% inhibition in both mitochondrial and microsomal fractions (Table III) . Comparative incubations with nitrogen caused no significant inhibition of activity (not shown). Susceptibility to inhibition by carbon monoxide is characteristic ofa cytochrome P-450 monooxygenase (1 1, 24) . Incubation of bovine epithelial 12-lipoxygenase with carbon monoxide or 
Discussion
The present data demonstrate that isolated human epidermal cells have the capacity to selectively convert AA to 12-HETE via the activity of a novel membrane-bound monooxygenase that is NADPH sensitive. This or an associated activity also converts AA to smaller amounts of 1 5-HETE and is capable of using linoleic acid as a substrate to form the 1 3-hydroxylated derivative (13-HODE) . The pathway represents the major arachidonate oxygenation mechanism in epidermal cells with total product formation generally exceeding cyclooxygenase activity in these cells.
The evidence that arachidonate and linoleate hydroxylation is due to the activity of a monooxygenase rather than a lipoxygenase in our experiments rests on the following evidence: (a) the activity is localized to the 12,000 and 100,000 g pellets obtained from disrupted cells and therefore appears to be confined to mitochondria-and microsome-enriched fractions, a distribution that fits with the general rule that lipoxygenases are partially or completely soluble enzymes and monooxygenases are not (reviewed in reference 25); (b) the epidermal cell 12-HETE-forming activity is enhanced by the addition of NADPH in comparison with controls; (c) the activity is decreased by incubation with carbon monoxide-containing buffers; (d) the human epidermal cells also generate a pair of epoxides (5,6-and 8,9-EETs), which reflects the action of a monooxygenase on AA; and (e) both intact cells and the mitochondrial and microsomal fractions generate some 12R-HETE, an enantiomer that is not known to be produced by mammalian 12-lipoxygenases but is produced by a P-450-linked monooxygenase (10, 26) .
Unusual features of the epidermal cell monooxygenation pathway include the regional specificity for 12-hydroxylation and the stereoselective predominance of the 12S enantiomer. Previous reports of HETE generation from AA by hepatic and renal monooxygenases noted little regional specificity for enzyme-substrate interaction but definite stereochemical predominance of the 1 2R over the 12S isomer at least in rat liver microsomes (10) . We found molar ratios of 12S/12R-HETE ranging from 2:1 to 18:1 depending on the subject and the type of enzyme preparation. Variation of 12S/R ratios occurred among adult subjects so it is unlikely to be due to neonatal versus adult tissue or to regional heterogeneity in the skin. The ratio of 12S/R was increased threefold in microsomal preparations relative to mitochondrial preparations. The mechanism for this alteration in the relative amounts of stereoisomers is uncertain, but the finding might suggest that two different enzymes (mitochondrial and microsomal) are responsible for the monooxygenase activity in epidermal cells. Relative increases in mitochondrial monooxygenase activity might therefore result in higher levels of 12R-HETE, while increases in microsomal activity would cause greater amounts of the 12S isomer.
The predominance of the 12S stereoisomer in epidermal 12-HETE might have reflected the existence of an arachidonate 12-lipoxygenase in these cells. To determine whether any of the epidermal HETE-forming activity was due to a lipoxygenase, we looked carefully for the generation of 12-lipoxygenase-derived conjugated trienes (27) , incubated cell products with a reducing agent to check for 12-hydroperoxide generation, and ran comparative experiments with identical procedures to check for destruction of a soluble tracheal epithelial cell 1 2-lipoxygenase activity. The lack of 12-series leukotriene or of 1 2-hydroperoxide formation by the epidermal cell preparation and the stability of tracheal epithelial cell 12-lipoxygenase activity to the conditions used to examine epidermal cell 12-HETE-forming activity all indicate that we did not fail to detect 1 2-lipoxygenase activity but rather that epidermal cells contain little or no 12-lipoxygenase activity. Because the absolute level of the 12S-isomer was increased by NADPH and decreased by carbon monoxide, it is likely that the epidermal 1 2S-HETE was derived via a monooxygenase.
Both the regiospecificity and the 12S stereopreference of the epidermal enzyme(s) are novel features for a cytochrome P-450 monooxygenase that acts on AA. Another novel feature is the subcellular distribution of the epidermal cell monooxygenase system, and in particular its high specific activity in the mitochondria-enriched 12,000 g pellet from subcellular fractionation. Although absolute specificity of fractionation is not possible, the relatively high specific activity for 12-HETE formation in this fraction suggests that microsomal contamination is an unlikely source ofthe entire activity. In addition, the difference in the profile of stereoisomers in the two fractions suggests that two distinct enzyme systems may be expressed in epidermal cells. Although there is no precedent for monooxygenase activity resulting in AA oxygenation in mitochondria, mitochondrial P-450 type enzymes have been described that participate in the biosynthesis of steroid hormones and bile acids (28, 29) .
Our results contrast with studies of keratinocytes cultured from humans. Cultured keratinocytes exhibited little evidence of 12S-HETE (35, 36) . The implications for these findings in epidermal function are currently under investigation, but it is intriguing that high levels of 12R-HETE are found in lesional psoriatic skin while high levels of 12S-HETE are formed by human epidermal cells from healthy skin. Whether the stereospecificity of the enzyme that is expressed in inflammatory skin disease is different from that in normal skin requires further investigation, but our results provide the initial evidence that the stereochemical composition of 12-HETE produced by keratinocytes may change under different conditions.
